It is widely accepted that addictive drug use is related to abnormal functional organization in the user's brain. The present study aimed to identify this type of abnormality within the brain networks implicated in addiction by resting-state functional connectivity measured with functional magnetic resonance imaging (fMRI). With fMRI data acquired during resting state from 14 chronic heroin users (12 of whom were being treated with methadone) and 13 non-addicted controls, we investigated the addiction related alteration in functional connectivity between the regions in the circuits implicated in addiction with seed-based correlation analysis. Compared with controls, chronic heroin users showed increased functional connectivity between nucleus accumbens and ventral/rostral anterior cingulate cortex (ACC), between nucleus accumbens and orbital frontal cortex (OFC), and between amygdala and OFC and reduced functional connectivity between prefrontal cortex and OFC and between prefrontal cortex and ACC. These observations of altered resting-state functional connectivity suggested abnormal functional organization in the addicted brain and may provide additional evidence supporting the theory of addiction that emphasizes enhanced salience value of a drug and its related cues but weakened cognitive control in the addictive state.
Introduction
Drug addiction is a major health problem in modern society. It is characterized by the failure to resist one's impulses to obtain and take certain types of addictive drugs despite serious negative consequences (Volkow and Li, 2004) . Chronic addictive drug use is often related to abnormal functional organization in the brain, which leads to habitually hypersensitivity to the drug and drug-related cues and ensures their compulsive patterns of drug-seeking behavior .
Resting-state functional connectivity is assessed by the correlation of spontaneous fluctuations of blood oxygen level-dependent (BOLD) signals in different regions of the "resting" brain and is thought to provide a measure of its functional organization (Fox and Raichle, 2007) . Studies have outlined a number of resting-state networks corresponding to critical brain functional organizations including movement, vision, audition, language, episodic memory, executive function, and salience detection (Fox and Raichle, 2007) . During the acquisition of resting-state functional magnetic resonance imaging (fMRI) data, participants are asked to rest quietly instead of performing tasks, making it potentially more readily applicable than functional activation MRI in clinical settings. A number of groups have begun to study the resting-state connectivity in a variety of neuropsychiatric disorders such as Alzheimer's disease, depression, and schizophrenia (Greicius, 2008; Liu et al., 2007; Wang et al., 2007; Zhou et al., 2008) .
According to models of addiction, the main brain regions underlying addiction make up a network of, at a minimum, four interdependent and overlapping circuits (Baler and Volkow, 2006) : (i) reward, involving the nucleus accumbens and ventral pallidum; (ii) memory and learning, including the amygdala and hippocampus; (iii) cognitive control, located in the prefrontal cortex and dorsal anterior cingulate cortex; and (iv) motivation and/or drive and salience evaluation, located in the orbital frontal cortex. In addition, amygdala and ventral/rostral anterior cingulate cortex (including subgenual area), regions that are associated with craving and emotional regulation, are also likely to affect the reactivity of the above circuits and parts of this network (Bechara, 2005; Bush et al., 2000; Volkow et al., 2005) . These regions are modulated by dopamine and interconnected mostly through glutamatergic and GABA-ergic projections. The interactions between these regions are integrated to generate the behavioral output toward a reinforcing stimulus (O'Doherty, 2004) , such that addictive drugs intensely activate the reward and motivation circuits, usurp systems underlying rewardrelated learning and memory, and hijack cognitive control resources (Baler and Volkow, 2006; Bechara, 2005; Everitt and Robbins, 2005; Garavan and Hester, 2007; Goldstein and Volkow, 2002) . As a result, under addiction, the saliency value of a drug and its related cues are enhanced, while the inhibitory control is weakened, setting up the stage for an unrestrained cycle which leads to compulsive drugseeking without regard to its negative consequences.
The neurobiological foundation of these models is mainly based on the results of functional activation studies in human addicts and the observation that exposure to addictive drugs produces persistent structural and functional changes on cells within this network (Garavan et al., 2000; Goldstein et al., 2007; Kalivas and O'Brien, 2008; Tomasi et al., 2007; Yang et al., 2009) . To date, the resting-state functional connectivity within the key regions of drug addiction has not been extensively studied in human addicts. Therefore, in this study, we investigated whether there is any addiction related alteration in resting-state functional connectivity in this network with fMRI data acquired during resting state from chronic heroin users and non-addicted controls.
Methods and materials

Participants
Twenty-seven right-handed male volunteers, including 14 chronic heroin users (HU, heroin using (from the time of their initial heroin use until the time of scanning) for 7.11 ± 2.82 years, range from 2 to 10 years) and 13 non-addicted controls (CN), participated in this study. All HU were recruited from Anhui Detoxification and Rehabilitation Center (Hefei, Anhui province, China), sought medical help on their own initiative and had a DSM-IV diagnosis of heroin dependence or abuse, and urine tests positive for heroin before enrolling in the treatment program. According to an interview conducted by a clinical psychologist, all of the patients had never used any other types of illicit drugs, were free of illnesses that required hospitalization or regular monitoring, and were deemed to be stable and able to participate in the experiment. Before the fMRI scanning, except 2 of HU who were current heroin users and not under any treatment, the HU were under a methadone treatment and had no illicit drug use during the treatment as confirmed by their caretakers. Among the 12 HU under the treatment, 9 were in the detoxification phase (entering the program within 1 week before the scanning, mean = 2.1 days, SD = 1.8), while the remaining 3 were in a relatively stable maintenance phase (one had been in the program for 2 months and the other two for 6 months). All methadone-treated participants were under daily methadone administrations and their last methadone uses were at least 12 hours before the scanning.
The control (CN) participants were recruited through advertisements and compensated for their time, and none of them reported a history of head injury, psychiatric disorders, or substance dependence (other than cigarette smoking). Only male participants were selected as gender effect was not a focus of this study. Both cohorts of HU and CN were current tobacco users. The HU and CN were matched in age (HU, 30.1 ± 5.3 years, range from 22 to 39 years; CN, 29.8 ± 7.2 years, range from 20 to 39 years; t(25) = 0.093, ns) and years of education (HU, 9.71 ± 2.7, range from 5 to 14; CN, 10.8 ± 1.6, range from 8 to 13; t(25) = −1.296, ns). After complete description of the study to the participants, written informed consent was obtained from them for their involvement in this study in accordance with the review board of University of Science & Technology of China.
Imaging Scanning and image preprocessing
All imaging data were obtained on the 3T Siemens Magnetom Trio scanner (Siemens Medical Solutions, Erlangen, Germany) in the Anhui Provincial Hospital. A circularly polarized head coil was used, with foam padding to restrict head motion. Functional images were acquired with a T2⁎-weighted echo-planar imaging sequence (TE = 30 ms, TR = 2 s, FOV = 24 cm, matrix = 64 × 64) with 22 axial slices (slice gap = 0.4 mm, voxel size = 3.75 × 3.75 × 4 mm 3 ), covering the parietal lobe, the occipital lobe, and a large portion of the frontal lobe and the temporal lobe (the slices were approximately along the AC-PC line and covered about −30 to 60 in the IS direction). Resting-state fMRI data were acquired with one run of 6 minutes (180 images per slice). Corresponding high-resolution T1-weighted spin-echo (for anatomical overlay) images and threedimensional gradient-echo (for stereotaxic transformation) images were also collected. Before entering the scanner, all participants were told to close their eyes, remain still and relaxed, and stay awake during the scanning. After the resting-state scanning, several functional activation runs were acquired with cognitive tasks (data to appear elsewhere). All participants could respond to these tasks immediately after the resting-state scanning suggesting that they may not be asleep during the resting state. Before and after the scanning, according to the reports of a clinical psychologist, all the heroin users were ensured to be at a stable state and not intoxicated during the scanning. The imaging data were mainly processed with Analysis of Functional Neuroimages (AFNI) (Cox, 1996) . For each participant, the first four time points were discarded to account for the approach to steady state in the BOLD signal. The raw data were corrected for temporal shifts between slices, corrected for head motion, spatially smoothed with a Gaussian kernel (full width at half maximum = 4 mm) and temporally normalized (for each voxel, the signal of each image was divided by the temporally averaged signal). We scanned a total of 17 HU and 16 CN participants and discarded the data of participants whose head moved more than 1.0 mm in any dimension through the resting-state run. Data of 14 HU and 13 CN participants met the movement criterion and appeared in this study. To further reduce the effect of motion and obtain low-frequency fluctuation, we regressed the motion data out of the time series and then preformed band-pass temporal filtering (0.01-0.08 Hz) on the residual signals (Auer, 2008; Birn et al., 2006) . These preprocessed time series were used in the subsequent seed-based regions of interest (ROIs) correlation analysis.
Generation of seed regions of interest
Ten brain regions, five in each hemisphere, were selected as seed regions of interest (seed ROIs) in this study ( Fig. 1 , Table 1 ). These ROIs were bilateral nucleus accumbens (NAc), amygdala (Amy), dorsal anterior cingulate cortex (Brodmann area (BA) 24/32), and orbital frontal cortex (OFC, including the lateral areas, BA 11/47, and the medial areas, BA 11/12). These regions were defined for each participant anatomically as follows. First, a set of masks corresponding to the regions listed above were defined in a standardized coordinate system of Talairach atlas (Talairach et al., 1992) and cortical structures of a standardized brain. Subsequently, these masks were transformed, according to the spatial transformation between the anatomic data and the Talairach space, onto to the image space of each participant and were modified according to individual brain's cortical structures by referencing to the anatomic boundaries in the high-resolution three-dimensional structural images.
Calculation of functional connectivity
For each participant, correlation map was calculated respectively for each seed ROI by a voxel-wise multiple-regression. Regressors included the template time course extracted by averaging time courses of all the voxels in the seed ROI under consideration, as well as the average time course in white matter and the average time course in cerebrospinal fluid (as nuisance signals). The masks of white matter were determined from each participant's highresolution structural image using FAST segmentation program of fMRIb software library (FSL) (www.fmrib.ox.ac.uk). The resulting white matter segmentations were then thresholded to ensure 80% tissue type probability. The cerebrospinal fluid mask was manually drawn according to the anatomic boundaries of the high-resolution three-dimensional structural images of each participant. These nuisance signals were used to account for fluctuations unlikely to be relevant to neuronal activities (Birn et al., 2006; Di Martino et al., 2008; Fox et al., 2005) . The resultant t-score maps of the seed ROIs were then converted to z-score maps hereafter referred to as "correlation maps."
Group analyses
Group analyses were performed for the correlation maps of each seed ROI. First, these maps were transformed to the Talairach space (re-sampled voxel size: 3 × 3 × 3 mm 3 ) according to the spatial transformation between the anatomic data and the Talairach space. Second, using AFNI, voxel-wise one-sample t-tests and two-sample ttests were calculated to compare the seed-based functional connectivity within and between the two groups. For the one-sample t-tests, the correlation maps for each participant in the group (HU or CN, respectively) was entered into the analysis and the z-scores at each Table 2 ) where resting-state functional connectivity was altered in HU versus CN. Clusters above thresholds (p b 0.05, corrected) in t-tests were lighten with z-scores converted from t-scores of these tests. The z-score bar is shown below the figures. The left side of the axial images corresponds to the left side of the brain. NAc = nucleus accumbens; Amy = amygdale; ACC = anterior cingulate cortex; OFC = orbital frontal cortex. ⁎Coordinates in Talairach space (sagittal images, left to right, axial images, inferior to superior). For display purposes, a single, averaged, skull stripped, stereotaxic transformed image was derived from 27 three-dimensional structural scans taken from all participants of both groups and statistical maps were superimposed on this structural image.
voxel were averaged across all participants in the group and compared to zero. Clusters with z-scores significantly larger than zero were determined by combining individual voxel threshold of p b 0.005 with a spatial cluster (cluster size from 29 to 48 voxels among seeds and groups) which yielded a false-positive level of 0.05 over the entire volume according to Monte Carlo simulations conducted with AFNI. For the two-sample t-tests, the correlation maps from both groups were entered into the analysis and the zscores at each voxel were averaged within each group and then compared between groups. For each seed, the two-sample t-test was restricted to voxels within the mask defined by a logic 'or' between the two group maps of each seed resulting from the one-sample ttests described above. Clusters with z-scores significantly differed between two groups were determined by combining individual voxel threshold of p b 0.005 with a spatial cluster size (cluster size from 5 to 12 voxels among seeds) which yielded a false-positive level of 0.05 for voxels in these masks according to Monte Carlo simulations conducted with AFNI.
Results
The results are shown in Table 2 and Fig. 2 . Compared to controls, heroin users showed significantly (p b 0.05, corrected) stronger functional connectivity between NAc and ventral/rostral ACC, between NAc and medial OFC, between amygdala and lateral OFC, between lateral OFC and medial OFC, and within medial OFC. On the other hand, compared to controls, heroin users exhibited significantly weaker functional connectivity between lateral OFC and medial, dorsolateral PFC, within lateral OFC, between dorsal ACC and dorsolateral prefrontal cortex (PFC), between dorsal ACC and ventral/rostral ACC, and between OFC and some frontal and parietal regions.
Discussion
Addiction related alteration in functional connectivity within the key regions implicated in addiction is demonstrated with restingstate fMRI data acquired from chronic heroin users and non-addicted controls. Compared with controls, chronic heroin users showed increased functional connectivity between nucleus accumbens (NAc) and ventral/rostral anterior cingulate cortex (ACC), between NAc and orbital frontal cortex (OFC), and between amygdala and OFC; but reduced functional connectivity between PFC and ACC and between PFC and OFC (Fig. 3) .
The BOLD signal has been confirmed to indirectly reflect neural activity, and the low-frequency fluctuations in the resting state, although not conclusively proven, have been attributed to neural spontaneous activity (Fox and Raichle, 2007) . Recent studies using diffusion tensor imaging (Greicius et al., 2009 ) and task-based metaanalyses (Toro et al., 2008) suggest that resting-state functional connectivity reflects structural connectivity and that networks identified in the resting-state mimic those identifiable with a lot of task paradigms. Meanwhile, resting-state functional connectivity was found among some brain regions implicated in addiction in recent studies in normal participants (Di Martino et al., 2008; Margulies et al., 2007; Roy et al., 2009) . As dysfunctions in these regions were robustly proven in drug addiction (with human and animal models) (Kalivas and O'Brien, 2008; Volkow et al., 2007) , we suggest that the altered functional connectivity found in HU in the present study may be a neurobiological indicator of addiction related abnormal functional organization in neural networks related to reward, craving and motivation processing which leads to addiction related compulsive drug-seeking behaviors.
Nucleus accumbens plays a central role in reward processing (Baler and Volkow, 2006; Knutson and Wimmer, 2007) . It is widely accepted that the initial reinforcing effects of most drugs of abuse rely heavily upon the induction of large and rapid increases in the level of dopamine in the NAc, which can render the drugs as highly salient, drive motivation, and produce compulsive behaviors (Nestler, 2005; Volkow et al., 2007) . Ventral/rostral ACC is the affective subdivision of the ACC and is primarily involved in assessing the salience of emotional and motivational information and regulating emotional responses (Allman et al., 2001; Bush et al., 2000) . This subdivision has extensive connections with other limbic areas including the striatum and amygdala (Kalivas and McFarland, 2003) . In drug addicts, increased activity in ventral/rostral ACC was found to be associated with their subjective experience of drug craving (Diekhof et al., 2008; Volkow et al., 2005) . The OFC is a major area of motivation, drive, and salience evaluation, which is impaired in drug addicts and plays an important role in the output of compulsive drug-seeking behaviors (Volkow and Fowler, 2000) . In the present study, significant restingstate functional connectivity was found between NAc and ventral/ rostral ACC and between NAc and medial OFC, consistent with the results of a recent study on the functional connectivity of striatum (Di Martino et al., 2008) . Amygdala is thought to primarily contribute to the acquisition, consolidation, and expression of learning of the drugrelated cues that drive relapse to drug-seeking behaviors (Hyman et al., 2006; Robbins et al., 2008) . This area is also important for craving processing, robustly activated under drug-related cues (Diekhof et al., 2008) (even for the unseen ones Zhang et al., 2009) ), involved in signaling pleasure of immediate prospects which are related to impulsive behaviors (Bechara, 2005) and was found to exhibit robust resting-state functional connectivity with affective brain areas including OFC (Roy et al., 2009 ). Our finding of higher functional connectivity between NAc and ventral ACC, between NAc and OFC, and between amygdala and OFC in HU may be relevant to previous studies that have demonstrated the involvement of these areas in the pathology of addiction (Bolla et al., 2004; Goldstein and Volkow, 2002) and may underlie addiction related strong craving responses and motivation for drugs in addicts.
PFC, which is believed to be responsible for restraining craving and cognitive control, was found to be impaired in drug abuse or relapse (Goldstein et al., 2004; Yang et al., 2009 ). Dorsal ACC is in responsible for inhibition controlling and conflict monitoring (Bush et al., 2000) . Resting-state functional connectivity was found between these regions in a previous study (Margulies et al., 2007) , implicating the dorsal-caudal ACC-based frontoparietal attention networks. In the present study, heroin users showed reduced functional connectivity (Baler and Volkow, 2006) , indicate different roles of the regions in drug addiction: red = reward; purple= memory and learning; green = cognitive control; yellow = motivation, craving, and behavior guidance. NAc = nucleus accumbens; Amy= amygdale; OFC = orbital frontal cortex, med = medial, lat = lateral; PFC = prefrontal cortex; dACC = dorsal anterior cingulate cortex; vACC= ventral/rostral anterior cingulate cortex. Inspired from Baler and Volkow (2006) . within the circuit of cognitive control (between dorsal ACC and PFC) and between the circuits of cognitive control and motivation (between PFC and OFC, between dorsal ACC and ventral/rostral ACC). These observations, which are consistent with the results of a recent diffusion tensor imaging study reporting reduced white matter integrity in heroin users in the frontal and cingulate areas , suggested diminished cognitive control function and weakened cognitive control upon craving and motivation in heroin users. Taken together, the abnormality of functional connectivity in heroin users observed here supports the theories of addiction positing that the drug craving and motivation are enhanced in the addicted state, whereas the strength of cognitive control is weakened (Baler and Volkow, 2006; Bechara, 2005; Everitt and Robbins, 2005; Garavan and Hester, 2007; Goldstein and Volkow, 2002) .
The OFC is a functionally heterogeneous region that involved in complex adaptive behaviors: the medial part of OFC appears to be involved in ongoing monitoring of the reward value of reinforcers, while the lateral part is involved in both evaluating the punishment value of reinforcers and behavioral guidance functions which may lead to a change in current behavior (Elliott et al., 2009; Kringelbach, 2005; Kringelbach and Rolls, 2004; Murray et al., 2007; O'Doherty et al., 2001; O'Doherty, 2007) . In the present study, we respectively analyzed the functional connectivity of these two sub-regions of OFC. We found heroin users exhibited enhanced functional connectivity between medial OFC and NAc and within medial OFC, which may correspond to their stronger salience value of drugs. The lateral OFC of heroin users showed stronger functional connectivity to amygdala and to medial OFC but weaker connectivity to PFC and to lateral OFC. In previous studies, the dysfunction of lateral OFC found in drug addicts was thought to be implicated in the core characteristics of drug addiction, such as failure to properly inhibit excessive drug consumption and develop aversive/withdrawal reactions to potentially dangerous situations (Goldstein et al., 2001 (Goldstein et al., , 2005 Volkow et al., 2003) . Our observations may suggest that, in drug addicts, there may be abnormally excessive influences of drug and drug cues-induced craving to the behavioral guidance function, while the ability of behavior changing according to cognitive control and the function of evaluating punishment value of reinforcers (such as negative consequences of drug taking) may be impaired. As drug addiction is characterized by the failure to resist one's impulses to obtain and take addictive drugs despite serious negative consequences (Volkow and Li, 2004) , our functional connectivity findings may provide a neurobiological explanation for this phenomenon.
The major points discussed above are mainly based on findings of altered resting connectivity in addicts compared with non-addicted controls. However, as the roles of resting-state functional connectivity in the circuits implicated in addiction, such as those related reward and craving, remains to be elucidated and due to the lack of behavior tasks in the present study, to what extent the present findings are related to the abnormal brain function in drug addicts is still an open question. Thus, future studies focused on the implications of restingstate functional connectivity in brain circuits of reward, craving, and cognitive control, especially in those of drug addicts, are needed to provide a more specific and definitive interpretation of the results in the present study.
As most chronic heroin users in our study were under methadone treatment, what effects of methadone would have on the functional connectivity is an interesting question. Known as a drug that prolongs opioid dependence, methadone has similar effects as addictive drugs to some extent (Connock et al., 2007) . For example, studies have found that methadone can prime heroin cue response and craving (Curran et al., 1999) and enhance brain response to drug cues , which are similar to those in untreated heroin dependence (Daglish et al., 2003) . Thus, we speculate that the alteration of functional connectivity related to methadone might be in the same direction as that related to heroin addiction. However, as the effect of methadone was not sufficiently controlled in the present study, its effect on functional connectivity needs to be clarified in further studies. Nonetheless, as chronic heroin users under methadone treatment are thought to be still at states of addiction (Connock et al., 2007) , our findings of alteration in brain functional connectivity in HU may be mainly related to their opioid addiction.
A recent study found that the severity of nicotine addiction was negatively correlated with the strength of connectivity between dorsal ACC and striatal circuits (Hong et al., 2009) . However, in the present study, in contrast to controls, we found that the connectivity between ventral ACC and NAc was stronger in heroin user who reported higher (p b 0.001) Fagerström Test for Nicotine Dependence (FTND) scores, and there was no significant between-group difference on the connectivity between dorsal ACC and NAc. Thus, we proposed that the effect of nicotine addiction severity may not be a main effect of alteration on functional connectivity found in our study. Nonetheless, as our two groups were not well controlled for nicotine addiction severity, this question should be addressed in future studies.
Additional investigations involving larger sample size of and more diverse participants (e.g. ones addictive to other substance and in different genders) are needed for generalizing our results, examining the relationship between behavioral and imaging data, and clarifying the effects of different treatment stages of addiction on functional connectivity. In particular, the present study did not dissociate the effects of methadone treatment on resting-state functional connectivity from those of heroin addiction, so further studies in this regard are needed; such a study may be of potentially clinical significance. Meanwhile, methods that could address potential noise due to lowfrequency fluctuations from possible thermal noise, scanner instability, and alias of cardiac and/or respiratory cycling, more advanced analysis, such as independent component analysis (Greicius et al., 2007) and effective connectivity analysis (Fox and Raichle, 2007) , and combination with diffusion tensor imaging (Greicius et al., 2009 ) may be used in further studies.
Taken together, we found enhanced resting-state functional connectivity within the regions related to reward, memory, craving, and motivation but reduced connections within the regions associated with cognitive control and craving and behavioral guidance in addictive drug users with fMRI. These findings suggest an abnormal functional organization in the addictive brain, which may provide additional evidence supporting the theory of addiction (Baler and Volkow, 2006; Bechara, 2005; Everitt and Robbins, 2005; Garavan and Hester, 2007; Goldstein and Volkow, 2002 ) that emphasizes enhanced salience value of a drug and its related cues but weakened strength of cognitive control in the addictive state.
